(YFP) in all motor axons were mated to mice that expressed Green Fluorescent Protein (GFP) or CFP, reSummary spectively, in subsets of motor axons. In the resulting double transgenic progeny, all motor axons express one During development, competition between axons fluorescent protein, and a subset of motor axons addicauses permanent removal of synaptic connections, tionally express a second spectrally distinct color (Figbut the dynamics have not been directly observed.
Introduction out of 3576 junctions).
Of approximately 1000 mouse pups screened, 25 had During development, competition between axons suitable (i.e., optically accessible) multiply innervated causes the removal of some axonal connections and neuromuscular junctions. From these mice, 24 two-color the maintenance of others (Katz and Shatz, 1996; Lohof (YFP and CFP or CFP and GFP) multiply innervated et al., 1996; Purves and Lichtman, 1980). This phenomejunctions and 4 multiply innervated one-color (YFP) juncnon helps shape the pattern of neural circuits in many tions (segregated to the point that the two inputs could parts of the nervous system. We sought to directly image be unambiguously distinguished) were successfully this competitive process to determine the time course monitored until they became singly innervated. The axand structural changes that accompany axon eliminaons expressing both the subset fluorescent protein and tion and see if structural alterations in the remaining the other color fluorescent protein that labeled all the input might accompany the elimination of a competitor.
axons were not more likely to remain or be eliminated This latter question was prompted by the observation than the axons that did not express the subset fluoresthat during development, axonal connections that are cent protein. In 9/24 of the two-color junctions, the axon retained become progressively more powerful as other expressing the subset fluorescent protein (CFP or GFP) inputs are eliminated (Chen and Regehr, 2000; Colman was ultimately maintained, while in the remaining cases et al., 1997; Jackson and Parks, 1982; Lichtman, 1977;  the 100% expresser axon (YFP or CFP) was the surviving Mariani and Changeux, 1981). We developed time-lapse input (result is not significantly different from chance, techniques to study this form of synaptic plasticity in within a 95% confidence interval using a Bernoulli trials vivo using transgenic mice in which subsets of neurons process). In addition, controls were performed that indiexpress different fluorescent proteins (Feng et al., 2000) .
cated that the observed changes were not a result of The use of multiple colors is critical because axons tend nerve damage, muscle damage, or phototoxicity associto be so closely juxtaposed with their competitors that ated with the live imaging (see below). they are not individually resolvable when labeled the same. In this way, terminal arbors of different axons Synaptic Takeover converging on the same postsynaptic cell could be indiIn all two-color junctions (n ϭ 24), the process appeared vidually identified and monitored with time-lapse imto be the same; one input withdrew from postsynaptic aging over the developmental period when synapse sites and the other input elaborated new branches that elimination was taking place.
replaced lost synaptic terminals at most of those sites. This competitive process usually took days to reach completion. Takeover and withdrawal seemed closely *Correspondence: jeff@pcg.wustl.edu , and 3B) color junctions followed, the sites of synaptic exchange occurred at the boundaries of the territories occupied synaptic takeover appeared to progress monotonically until single innervation was achieved, in three junctions by the two inputs, i.e., the remaining axon never leapt over its competitor to acquire noncontiguous territory.
we observed flip-flop; an input that lost territory, then regained it (Figures 3C-3F ). However, once axons had In each case there appeared to be considerable dynamism of axon branch length and caliber, even in branches completely withdrawn from junctions, in no cases did they reform synapses on those junctions. that were not in the process of withdrawing or acquiring new territory (Figures 2A-2E, insets) .
In addition, sites taken over by an axon during the second postnatal week were stably maintained once Surprisingly, in 6/24 two-color junctions, the input that ultimately was maintained appeared to possess ‫%03ف‬ takeover was complete. We continued to image five junctions for several additional weeks or months (P30-or less (Ͻ50 m 2 , estimate does not include potential overlap, see above) of the total terminal area at some P146). In all cases, we found that the areas that had been taken over during the second postnatal week were earlier time point (Figures 2F-2J, 3A , and 3B). In one junction the surviving axon increased its territory drastill innervated by that axon in adulthood (data not shown). matically from occupying only ‫02ف‬ m 2 ‫)%01ف(‬ at the initial view to ‫002ف‬ m 2 (100%) of the terminal area 5 days later ( Figures 3A and 3B) .
Dynamism in Singly Innervated Junctions
These results suggest that when synapse elimination is The speed of takeover could be quite rapid. The largest 1 day change we observed was an axon whose occurring, axons are highly dynamic. This dynamism contrasts with the stability of axon terminals at singly beled the same color) occupy segregated and noncontiguous postsynaptic AChR sites of the same muscle innervated junctions in this same muscle in adult mice (Balice-Gordon and Lichtman, 1990; Robbins and Polak, fiber. At the second view (P14), the input that had the lesser amount of territory at P10 had retracted (asterisk) 1988). To determine whether synaptic competition between axons is causing the dynamic behavior of axons, and its vacated site lost substantial AChR density (compare arrows, Figures 5A and 5B). By P21 the AChRs at we monitored neuromuscular junctions that were already singly innervated in the second postnatal week the vacated site had been completely removed. Another junction with noncontiguous postsynaptic territories in order to see whether these terminals also exhibited dynamic behavior. Singly innervated junctions in the (not shown) had essentially the identical outcome. In 2 two-color junctions, the transition from multiple to single second postnatal week (n ϭ 30) were all highly dynamic ( Figures 4A-4C ), exhibiting process extensions, retracinnervation was accompanied by the takeover of only a portion of the vacated postsynaptic territory. In all four tions, and terminal caliber changes over intervals of 24 hr. On the other hand, 2 weeks later (P21-P28), singly cases, the vacated synaptic sites that were not reoccupied lost all signs of AChR labeling rapidly and cominnervated junctions (n ϭ 13) were quite stable and over the 3-4 day imaging sessions, none showed new branch pletely. These results show that synaptic takeover is not required for synapse elimination to occur and further formation, branch retraction, or caliber changes, suggesting that the dynamic behavior had dramatically desuggest that rapid destabilization of synaptic sites occurs when they are not taken over by the remaining creased ( Figures 4D-4F Figures 5A-5C ). In Figure 5A is a multiply innervated and denervated at P10 and then imaged again 4 days later (P14), there was little change in AChR density neuromuscular junction at P10 in which two inputs (la-intersynaptic signaling permits one axon's synaptic sites to destabilize synaptic sites of competing axons. Thus, rapid synaptic takeover appears to rescue postsynaptic sites that would otherwise rapidly disassemble.
Discussion
Throughout the developing nervous system, axons disconnect from target cells in a phenomenon known as synapse elimination. This study indicates that the loss of synaptic contacts by axons that withdraw during naturally occurring synapse elimination is actually just one component of a larger coordinated process that also includes expansion of synaptic area by competing axons. The expansion of synaptic territory, however, occurred exclusively at former postsynaptic sites relinquished by another axon. Such replacement obviates the need for generating new postsynaptic sites as axons expand their territory, and thus provides a means for rapid synaptic enhancement.
Because This work also suggests that synaptic terminal removal is possible without obvious effects on the underlying postsynaptic apparatus, which at sites of takeover seems to be stable. This result was unexpected. In our previous attempts to follow synapse elimination over elimination requires one axon to displace another from a synaptic site. Second, because the rapid disappearance of AChRs at former synaptic sites could not be ‫%01ف(‬ decrease) at these neuromuscular junctions. This result is dramatically different from the fate of unexplained simply by the absence of overlying nerve terminals (see Figure 5) , we suspect that unoccupied postoccupied AChRs at sites of synapse elimination (e.g., Figures 5A-5C ) that substantially decreased ‫%09ف(‬ desynaptic sites are efficiently dismantled in response to synaptic activity at occupied synaptic sites on the same crease) in density between P10 and P14. Because rapid receptor site disassembly is not caused by denervation postsynaptic cell as previously suggested (Balice-Gordon and Lichtman, 1994). Presumably synaptic takeover per se, these results support the idea that some kind of conserves postsynaptic sites by rapid reoccupation besingly innervated completely occupied junctions, were dynamic and many possessed sprouts that extended fore the AChR density is removed.
It is not clear what stimulates an axon to takeover away from postsynaptic sites (e.g., see arrows, Figure 4A). neighboring postsynaptic sites. One possibility is that the process of axonal withdrawal may induce another
Unexpectedly, the relative amount of territory occupied by each axon was not a reliable predictor of which axon to grow toward those sites, perhaps in response to secreted growth factors that become available. Alteraxon would ultimately be maintained, as axons occupying large fractions of the total junctional territory natively, axons may rapidly replace competitors if they have a high degree of intrinsic dynamism. For example, sometimes were replaced by axons occupying smaller areas. Moreover, the takeover process itself often did young axons may continually explore the postsynaptic territory and thus are usually available to occupy sites not progress monotonically, as an axon that was advancing was sometimes observed to then retreat. One when they become vacant. These results support this latter alternative because all young axons, even those in interpretation of these behaviors is that an axon's com- and to decrease the chances of anesthetic overdose and a subcuta-10 min to saturate AChRs. Muscles were rinsed in PBS at room neous injection of 0.1 ml sterile lactated Ringer's to prevent dehydratemperature for 1 hr and mounted on slides in Vectashield mounting tion. The animal was placed on a heated blanket in a 95% oxygenmedium (Vector Laboratories, Burlingame, CA). We then imaged the ated chamber until sufficiently recovered and active (usually less muscles using a confocal laser scanning microscope (BioRad 1024, than 2 hr), at which time it was returned to its parents. The animal Hercules, CA; Olympus BX50WI microscope). Figures 1A and 1B was allowed to recover for a variable amount of time (several hours were obtained using a 40ϫ 1.35 NA oil objective and a 100ϫ 1.4 to several days; median interval, 2 days; median number of views NA oil objective, respectively. Maximum pixel projections were genper junction, 3.5) before reimaging. At subsequent sessions, we erated from Z stacks of images using Metamorph 4.6 imaging softreanesthetized mice and the previously imaged junctions were easily ware (Universal Imaging Corp., West Chester, PA). relocated using the low-power maps. The entire image acquisition procedure was repeated at each session. Due to natural AChR turnIn Vivo Time-Lapse Imaging over, relabeling of AChRs was often necessary after several days We anesthetized neonatal mice, usually starting at the beginning of (e.g., Figures 2E, 2I, 3B, 3F , 5B, and 5C). 
